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Abstract 
Zirconium metal powder is widely used in aerospace and military as a metal fuel because of its high combustion 
rate and heat. This powder is used to produce flash powder, fireworks, artillery shells, timing bomb fuses and solid 
propellant rocket fuel. To comply with the special requirements for aerospace and military applications, zirconium 
particles are coated with Fe2O3 ferrite magnetite nanoparticles to form a core-shell structure. This process alters the 
combustion performance of the coated zirconium dust. In this study, the combustion behaviour of Fe2O3-coated 
zirconium particles in the air is explored. Scanning electron microscopy, X-ray diffraction, thermogravimetry and 
differential scanning calorimetry are used to examine the micromorphology, phase composition, crystal structure, 
thermal stability and reactivity of Fe2O3-coated zirconium particles. The combustion behaviour is presented, with the 
coating layer of Fe2O3-coated zirconium particles generating a replacement reaction with the inner core zirconium. 
The inner zirconium induced an oxidation-reduction reaction with oxygen and pure Fe was oxidised at high 
temperatures. The decomposition reaction was due to the residue of Fe2O3 that did not react with zirconium.  
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1. Introduction 
Zirconium in the earth’s crust is estimated at 0.025%, with a scattered distribution worldwide. It is 
mainly found in zirconium and zirconium dioxide ores. Mechanical crushing of zirconium is difficult 
because of the high ductility of this element. Zirconium powder is produced by initially transforming 
zirconium into zirconium hydride, which can be easily pulverised [1]. Zirconium powder has a high 
melting point, super hardness and fast-burning speed, in addition to its capability of releasing high 
amounts of heat. These characteristics facilitate the wide application of zirconium powder in aerospace, 
military, atomic energy and other fields [2]. Zirconium combustion has been extensively investigated. 
Previous studies have primarily examined the combustion temperature and process of zirconium powder 
[3–6], the functional relationship between zirconium particle combustion time and particle size [6] and 
the combustion mode of zirconium particles [7]. Several studies have also evaluated the effects of 
combustion environment (air, O2 and N2) on zirconium combustion behaviour [8], the flame propagation 
velocity and temperature characteristics of combustion zones as well as the microflame structure and the 
propagation mechanisms of zirconium dust cloud [9,10]. The flame emissivity and the temperature 
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distribution of multi-tube injection combustion of zirconium dust cloud [11], as well as the electrostatic 
sensitivity of zirconium particles coated with polymethyl methacrylate [12], were also investigated.  
Coated particles often exhibit better physical and chemical properties than their single-component 
counterparts. Surface coating technology of particles can alter the charge distribution, provide 
functionality and adjust the reactivity of the particle surface. From the surface functionality design, coated 
particles may obtain special magnetic, optical, thermal or catalytic properties through defined coating 
layers [13]. Ferrite magnetic nanoparticles coated on the surface of zirconium particles exhibit high 
burning heat to form coated zirconium particles with a core-shell structure. The new composite particles 
increase the diffusion of the zirconium particles with magnetic properties. However, the combustion of 
zirconium particles coated with ferrite magnetite nanoparticles have yet to be described. Therefore, the 
authors conducted a series of experiments and investigated the temperature and magnetic characteristics, 
as well as the combustion behaviour of zirconium particles coated with ferrite magnetic nanoparticles, 
including ferric oxyhydroxide (FeOOH), ferroferric oxide (Fe3O4) and ferric oxide (Fe2O3).  
2. Experimental Materials 
The zirconium particles (with a purity of 99.95%) were stable in the reaction process. Zirconium 
particles (400 meshes) were coated with Fe2O3 using the following preparation method. A total of 2.73 g 
3 2FeCl 6H O  and 0.91 g zirconium were added into 100 mL distilled water. The suspension was 
ultrasonically oscillated for 8 min to avoid the conglomeration of zirconium particles. The pH value of the 
suspension was adjusted to 9.0 by adding 1 -1mol L  NaOH solution. The suspension was vigorously stirred 
during synthesis to avoid the precipitation of zirconium powder at the bottom of a conical flask. After 5 h 
stirring, the particles were separated by centrifugation. The obtained precipitate was washed several times 
with water and then placed in an oven at 160 Ԩ for 5 h to dry. The aforementioned manipulations and 
reactions were conducted at room temperature in air. 
3 Results and discussion 
3.1 Scanning electron microscopy (SEM) characterisation of the raw materials  
The SEM images of zirconium particles (magnification: 8000×) and Fe2O3-coated zirconium 
particles (magnification: 6000 ×) are shown in Fig. 1. A high-magnification image of the zirconium 
particles having a smooth surface with flake-like structure is shown in Fig. 1a. A high-magnification 
image of Fe2O3-coated zirconium particles with a distinguishable floccule coating layer is illustrated in 
Fig. 1b. 
3.2 Thermal analysis of the raw materials 
3.2.1 Thermogravimetry-derivative thermogravimetry (TG-DTG) and differential scanning 
calorimetry-thermogravimetric analysis (DSC-TGA) of zirconium particles 
The thermal decomposition and stability of zirconium particles were investigated using TG-DTG and 
DSC-TGA (heating rate: 10 °C/min, atmosphere: air). The results are shown in Fig. 2.  
The TG-DTG process of zirconium particles in air is illustrated in Fig. 2a. The zirconium particle 
reaction with air is a weight gain process. The zirconium particles begin to react with oxygen in the air at 
205.69 °C. The DTG curve reaches the end of the peak associated with the maximum weight gain rate of 
zirconium particles at 588.13 °C. The TG curve tends to be horizontal at 746.25 °C, which indicates the 
completion of the chemical reaction. The DSC-TGA process of zirconium particles in the air is described 
in Fig. 2b. The zirconium particle reaction with air is an exothermic process. An exothermic peak is 
observed at 588.13 °C because the chemical reaction rate of zirconium particles and oxygen has reached 
the maximum value. 
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(a) Zirconium   (b) Fe2O3-coated zirconium     (a) TG-DTG        (b) DSC-TGA 
Fig.1. SEM images of particles  Fig. 2. Thermograms of zirconium particles 
3.2.2 TG-DTG and DSC-TGA of Fe2O3-coated zirconium particles 
The thermal decomposition and stability of Fe2O3-coated zirconium particles (molar ratio, Fe2O3: 
Zirconium = 1:3) were also examined using the TG-DTG and DSC-TGA methods (heating rate: 10 
°C/min, atmosphere: air). The results are shown in Fig. 3.  
  
(a) TG-DTG   (b) DSC-TGA          (a) Zirconium products   (b) Fe2O3-coated zirconium 
           products 
Fig. 3. Thermograms of Fe2O3-coated zirconium particles                       Fig. 4. X-ray diffraction (XRD) patterns of 
combustion products 
The TG-DTG process of Fe2O3-coated zirconium particles in the air is shown in Fig. 3a. The Fe2O3-
coated zirconium particle reaction with air is initially a weight gain process, followed by weight loss. 
Weight loss occurs from 27.01 °C to 145.37 °C mainly from water loss caused by evaporation in Fe2O3-
coated zirconium particles. The DTG curve reaches the end of the peak associated with the maximum 
weight gain rate of zirconium particles at 586.59 °C. The TG curve tends to be horizontal at 724.55 °C, 
which indicates the completion of the chemical reaction. Fe2O3-coated zirconium particles exhibit weight 
loss again at 766.65 °C because of the thermal decomposition of Fe2O3 at approximately 800 °C. The 
DSC-TGA process of Fe2O3-coated zirconium particles in the air is depicted in Fig. 3b. Fe2O3-coated 
zirconium particle reaction with air is initially an endothermic reaction and subsequently becomes an 
exothermic process. An endothermic peak is observed because the water particles evaporate before 
145.37 °C. An evident exothermic peak is observed at 586.59 °C because the chemical reaction rate has 
reached the maximum. 
3.3 XRD analysis of the combustion products 
The characteristic peaks of zirconium and two crystal phases of ZrO2 in the zirconium particle 
combustion products are shown in Fig. 4a. These characteristic peaks were compared with the XRD 
standard atlas. Results show that ZrO2 with card number 83-0944 belongs to a monoclinic phase, and 
ZrO2 with the card number 79-1769 belongs to tetragonal phase. The Fe2O3-coated zirconium particles 
combustion products include monoclinic phase ZrO2, tetragonal phase ZrO2, Fe3O4 and Fe (Fig. 4b). 
3.4 Combustion behaviour of Fe2O3-coated zirconium particles in air 
Zirconium reacts with O2 in air to form ZrO2. Fe2O3-coated zirconium reacts with O2 in air to form 
two-phase ZrO2, Fe3O4 and Fe. The chemical reaction equations of Fe2O3-coated zirconium particles 
burning in air are described as follows: 
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2 32Fe O +3Zr 24Fe+3ZrO                         (1) 
                                                                                          2Zr O 2ZrO                                                   (2) 
                                                                                               
23Fe 2O 3 4F e O                                                                  (3) 
                                                                                                     2 3
6Fe O 3 4 24FeO O n                                                 (4) 
4. Conclusion  
Combustion behaviour of Fe2O3-coated zirconium particles in air is revealed that the reaction of Fe2O3 
with zirconium is a displacement reaction that generates Fe and ZrO2. The reaction of zirconium with O2 
is an oxidation reaction that generates ZrO2. The generated Fe further reacts with O2 and generates Fe3O4. 
When the reaction temperature reaches approximately 800 °C, a portion of Fe2O3 that did not react with 
zirconium will exhibit thermal decomposition and generates Fe3O4 and O2. 
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